INTRODUCTION
Copy number variations (CNVs) are usually defined as DNA segments larger than 1 kb that present different numbers of copies among two or more genomes. By changing gene dosage, CNVs can affect gene expression and phenotype. 1 Associations have also been found between CNVs and several neurological diseases and complex traits, including autism, schizophrenia, HIV susceptibility, Crohn's disease, and psoriasis. 2 Although it is still unknown how much of the human genome is covered with CNVs, it is evident that genomic regions with CNVs harbor a considerable proportion of genetic diversity both within and among populations.
Xinjiang has played an important role in connecting eastern Eurasia (EEA) and western Eurasia (WEA). It was crossed by the famous Silk Road, which linked the trade among East Asia, Central Asia, and Europe. Many ethnic groups, including Uyghur (UIG), Kazakh (KZK), and Kirgiz (KGZ), have lived there for hundreds of years. Based on the geographic vital role in history and certain phenotypic features of the people living there, it is reasonable to hypothesize that the ethnic groups in Xinjiang share genetic components with EEA and WEA. Previous studies using data from Y-chromosomes have indicated an admixture pattern among Eurasian populations in Central Asia, which was shaped by migration. 3 Recently, studies using genomic SNP data have supported the conclusion that UIG is an admixed population incorporating both EEA and WEA ancestries. 4, 5 Genetic analysis of Xinjiang ethnic groups may reveal more about human migration history and the mechanisms underlying admixture, which could be useful for gene mapping of disease-gene discovery. As such, admixture mapping has been shown to be of great value in the studies of African Americans. 4, 6 Although CNV distribution and properties in several populations have been widely studied, 7 those in Xinjiang admixed populations has been largely underrepresented. Here we constructed the first CNV map of the three major Xinjiang populations (KZK, KGZ, and UIG) using Affymetrix Genome-Wide Human SNP Array 6.0. Based on this map, we examined genomic admixture patterns of Xinjiang populations and identified several regions that showed deviation from genome-wide admixture patterns, and regions showing significant frequency differences from those of ancestral source populations. We performed further functional annotation analysis to explore the evolutionary and medical implications of these 'outlier' CNV regions (CNVRs).
MATERIALS AND METHODS

Samples and CNV detection
We collected 48 samples for each of the three Xinjiang populations. Each individual was the offspring after three generations by non-consanguineous marriage of members in the same ethnicity. Informed consent was obtained from all participants. The procedures followed were in accordance with the ethical standards of the Responsible Committee on Human Experimentation (approved by Ethical Committee of Fudan University) and the Helsinki Declaration of 1975, as revised in 2000. All the samples were assayed using Affymetrix Genome-Wide Human SNP Array 6.0. We used Birdsuite 8 to genotype CNVs. The quality control was the same as our previous study. 9 Samples which did not pass quality control were removed from subsequent analysis. We also removed the loci that showed difference (F ST 40) between combined calling results (all samples) and separate calling results (three ethnic groups). In addition, we included the Affymetrix SNP 6.0 data of 89 Han Chinese from Beijing (CHB) and 110 samples from unrelated Utah residents with northern and western European ancestry (CEU) from HapMap project into analysis and used them as representative ancestral source populations of EEA and WEA, respectively.
The original results of Birdsuite were based on human genome assembly build 36 (hg18), here we converted all the coordinates from hg18 to hg19. The variants those could not be successfully mapped to hg19 were removed. As it is difficult for microarray to determine the exact breakpoints of the variants, the coordinates of variants in this study are the approximate boundaries: the first probe position in CNV and the last probe position in CNV. The individual variants' data are available at dbVar with accession number nstd97.
Building the CNV map of Xinjiang population
A CNVR is defined as a union region of overlapping CNVs on the chromosome. 10 CNVs are merged from different samples with any amount of overlap by extending the boundaries of the overlapping CNVs. Birdsuite output file (birdseye_canary_calls) was used to generate a CNVR map. Each CNVR was assigned a genotype (ranging from 0-copy to 4-copy state), which was determined using the copy state of the variant with the largest length. Given a set of samples, biallelic CNVs were defined as loci with only two observable alleles (either 0-copy and 1-copy or 1-copy and 2-copy). We compared our Xinjiang CNV map to the Database of Genomic Variants (DGV v10) 11 using the criteria of any amount of overlap. Gene functional annotation clustering analysis was performed via DAVID. 12 Calculation of allele frequency and F ST At genotype level, there are five copy states generated by Birdsuite: the 0-copy state (homozygous deletion), 1-copy state (heterozygous deletion), 2-copy state (normal state/copy-neutral with LOH), 3-copy state (single copy duplication), and 4-copy state (double copy duplication). At allele level, a three-allele system (0 copy-allele, loss-allele; 1 copy-allele, normal-allele; 2 copy-allele, gain-allele) is sufficient to explain these five genotypic states. We used an ExpectationMaximization algorithm to calculate the allele frequency by assuming that each CNV locus was in Hardy-Weinberg equilibrium, as in our previous study. 9 For each deletion or duplication allele in the admixed populations, the expected allele frequency was calculated as the sum of allele frequency of each ancestral source population weighted by its admixture proportion. Population differentiation for each CNV locus between each pair of populations was measured using the widely used pairwise F ST 13 based on the inferred allele frequency.
Evaluation of the influence of sample size on the estimation of allele frequency
We used HapMap samples to evaluate the influence of sample size on the estimation of allele frequency. A total of 167 CEU, 89 CHB, and 175 Yoruba in Ibadan (Nigeria) from HapMap were included. The allele frequency of the whole data set in each population was used as a standard reference allele frequency. We randomly sampled 10, 20, 30, 40, 50, 60, 70, and 80 individuals from each population. The difference proportions were calculated as the difference between the sampling allele frequency and the standard frequency divided by the standard allele frequency. The sampling process was repeated 100 times, and we took the average difference proportion of these 100 samplings in each frequency bin for common deletions and duplications separately.
Reconstruction of population relationship and population structure analysis
We used the average number of different genotypes between two individuals from different populations to characterize the genetic distance among populations, which was identical to the one described in our previous work. 9 Based on the pair-wise distance among populations, we reconstructed the genetic relationship among these populations using Neighbor-joining method.
We also performed 100 bootstrap replications and used PHYLIP 14 to generate a consensus clustering topology.
Population structure was inferred using two approaches, principal component analysis (PCA, software Eigensoft v2.0 15 ) and a model-based clustering method STRUCTURE v2.2. 16 Because microarrays only provide information regarding the total number of copies in each CNV, and the allelic copy number states cannot be determined for multiallelic CNVs at individual level, we used biallelic CNVs to analyze the structures of the populations. STRUCTURE was run with 10 000 iterations and 10 000 burn-ins under K ¼ 2.
Selection of ancestral informative markers (AIMs) and local ancestry inference
Given that the unknown allelic configuration of the multiallelic CNVs can affect estimates of subsequent ancestral proportions and the relatively less accurate genotyping of duplications using the microarray platform, 17 we still focused AIM selection on biallelic CNVs. Biallelic loci with F ST values greater than 0.03 (top 9%) between ancestral source populations were selected as AIMs.We tried to identify the ancestral origins of the CNVs in the admixed populations by superimposing the CNVs onto the ancestry map generated by SNPs using software HAPMIX v1.1. 18 The ancestral state of the CNV was determined by that of the most adjacent SNP.
Calculation of heterozygosity
We randomly sampled 40 individuals from each population, and calculated the heterozygosity at polymorphic site k as the following:
p ik denotes the ith-allele frequency under a three-allele system. We calculated the average heterozygosity for each population. Statistical test was performed between each admixed population and ancestral source population by Wilcoxon test.
Estimation of linkage disequilibrium (LD) between CNVs and SNPs
We focused on LD between common biallelic CNVs (CNV occurrence more than 10% in each of the five populations: CEU, CHB, KZK, KGZ, and UIG) and their neighboring SNPs extending from 20 kb of CNV boundaries. The CNV and SNP haplotypes were phased using polyHap. 19 LD was calculated as r 2 , and SNPs with maximum r 2 40.8 were labeled as CNV tags.
Identification of ancestry-biased CNVs and population-specific CNVs
Ancestry-biased F ST was calculated between the observed and expected allele frequencies in admixed populations. Ancestry-biased F ST was ranked according to its value and ancestry-biased CNVs were defined as CNVRs in the top 0.5 percentile. We defined population-specific CNVs as those loci showing significant differences (Po0.01) in allele frequency in admixed populations compared with the reference populations at different levels. The sample size were controlled at 40 individuals for each populations and the differences in allele frequency were compared using the w 2 -test. We further evaluated the influence of different sample sizes on the estimation of allele frequency. Using random sampling of HapMap individuals as references, which yielded about 90 samples for each of the sampled populations (Methods), we found the difference of allele frequency between 40 and 80 samples to be within the range of approximately 10%, 5%, and 3% of the whole data set sample frequency at ranges of 0.1-0.3, 03-0.5, and 0.5-1, respectively (Supplementary Figure 2) . The allele frequency difference between 40 and 80 samples was never observed to be more than 0.03 on average for common CNV loci, which is acceptable because accuracy would not be substantially improved even with a larger sample size.
RESULTS
Profiles of CNVs in the three
In addition, we compared the data in this Xinjiang CNV map with those from DGV v10. There were 25 non-singleton regions undiscovered in DGV and the maximum frequency of these regions was 3.1%. These numbers might be underestimated because of many previous studies using lower resolution platforms. There were 581 CNVRs overlapping 986 genes in the Xinjiang CNV map, in which nearly 40% of the genes were duplications. Genes in the CNVRs were enriched in the cluster of peptidase activity, cell adhesion, membrane component, immunoglobulin, olfactory receptor, and defense response.
Genetic relationships between Xinjiang populations and reference populations Population relationships can be characterized and measured using genetic distance (Methods). KZK showed the smallest average intrapopulation distance and UIG showed the largest. KZK and CHB had the smallest inter-population distance, whereas CHB and CEU showed the largest. Based on this distance, we did clustering analysis to study the relationship among these populations (Methods).The topology of the clustering graph, which was supported by 100 bootstrapping replications, showed that all the three Xinjiang populations were in the middle of the two reference populations. Of these, KZK was closer to CHB and UIG was closer to CEU (Figure 1a) . This pattern was confirmed by PCA based on biallelic CNVs (Figure 1b) . The three Xinjiang groups could also be distinguished without the two reference populations, where the first PC separated KZK from KGZ and UIG, and the second PC separated the latter two groups (Figure 1c) . Furthermore, we used a model-based clustering algorithm STRUC-TURE to infer population structure, the consistent result (Figure 1a) supported that Xinjiang ethnic groups are admixed populations with genetic components source from both EEA and WEA.
Population differentiation among populations can be characterized by F ST . Although the majority of F ST values of CNVRs were very small (o0.1), for each admixed population, we observed that the F ST values between the admixed population and one ancestral populations were different from F ST values between the admixed population and the other ancestral population (Supplementary Figure 3) . For comparisons among Xinjiang populations, pairwise F ST was much smaller than that between admixed and ancestral source populations (Po10 À15 , Wilcoxon rank sum test, Supplementary Figure 3) .
Genetic architecture and admixture properties of Xinjiang populations
The average population admixture proportion inferred from biallelic CNVs by STRUCTURE was 65:35, 63:37, 45:55 (EEA/WEA) for KZK, KGZ, and UIG, respectively. The estimated WEA ancestry of UIG was very similar to that in previous study using random SNPs on chromosome 21 (56.2%). 20 The admixture proportion between any two individuals from the same population also varied to some extent-8.2%, 9.3%, and 13.7% for KZK, KGZ, and UIG, respectively.
Previous studies have identified that SNPs showing pronounced differences in allele frequency between CHB and CEU could serve as AIMs for UIG. 20 Here we selected 115 biallelic CNVs as AIMs for Xinjiang admixed populations (Figure 2a, Supplementary Table 2 , Methods). These selected AIMs were able to retrieve the average admixture proportion of EEA versus WEA as 67:33, 66:34, and 46:54 for KGZ, KZK, and UIG, respectively, which showed no significant deviation from the results based on the whole data set (P40.26, t-test), and would also facilitate the estimation of the CNV admixture proportion of samples from the three populations as well as from other admixed populations with genetic origins from EEA and WEA.
At the individual level, we tried to identify the ancestry of the AIMs in admixed populations (see Methods). We showed in Figures 2b-d the examples of each individual from one admixed group. In addition, we calculated the ancestral proportion in each individual based on the superimposed ancestry-assignments of the AIMs. The results had no significant difference from the ancestral proportions inferred directly from biallelic CNVs (P40.84, paired t-test).
Increased heterozygosity and extended LD have been observed in the admixed populations, such as the UIG population, using SNP data. 20 In terms of CNV data, we calculated the expected heterozygosity using allele frequency (see Methods). On average, all the three admixed populations have increased heterozygosity (0.055) than the two ancestral source populations (0.052) at 1872 polymorphic loci (Supplementary Table 3 ). Although the admixed groups showed slightly higher CNV taggability than two ancestral source populations at 95 biallelic loci (only 26, 27, 30, 32, and 27 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 CNVRs were well-tagged by SNPs (r 2 40.8, see Methods) in CHB, KZK, KGZ, UIG, and CEU, respectively). Furthermore, there were no significant differences in the overall LD pattern between admixed groups and ancestral source populations when comparing all the LDs of 1241 SNPs located adjacent to 20 kb of the 95 CNVRs (P40.27, paired Wilcoxon test) except for UIG and KGZ, which showed higher LD than CEU (Po0.024, paired Wilcoxon test).
We performed a CNV sharing analysis to evaluate the CNV distribution pattern between Xinjiang ethnic groups and ancestral source populations. More than 40% of the CNVRs in Xinjiang groups were also detected in both CHB and CEU, and about 16% of the CNVRs were observed only in CEU. CNVRs that were detected only in CHB varied from 9.2 to 11.5% (Figure 3a) . For the comparisions excluding the CNVs found in either ancestral population, all three Xinjiang groups showed a large proportion of specific CNVRs (Figure 3b) .
To investigate the relationships between admixed and ancestral source populations with respect to the CNV allele frequency spectrum, we compared the observed deletion and duplication allele frequencies in the admixed populations with their respective expected allele frequencies (see Methods). Excluding loci with rare variants (allele frequency o0.025), the observed allele frequency matched the expected allele frequency on the genome-wide scale (Pearson correlation coefficient r 2 40.8; Figure 4 ). Furthermore, we determined whether the observed and expected data could be explained by regression model y ¼ x. Although the duplication alleles of KGZ deviated from the null hypothesis (H 0 : b ¼ 1; t-test), neither the deletion alleles of any of the three admixed groups nor the duplication alleles of KZK and UGR showed any significant difference from the model y ¼ x (P40.1), indicating that the overall allele frequency spectrum of the admixed population followed a two-way admixture scenario that could explain the majority of the genetic architectures.
Population-specific CNVs identified in the Xinjiang admixed populations Although the overall frequency spectra of Xinjiang populations showed a pattern typical of admixture, the allele frequency of some regions under different evolutionary forces might deviate from such expected distribution. To identify these outliers, we applied a strategy analogous to one that was recently used to assess natural selection among African Americans. 21 We calculated the ancestry-biased F ST between the expected and observed allele frequency for each admixed population (Supplementary Figure 4) . CNVRs in the top 0.5 percentile were regarded as ancestry-biased CNVs (Table 2) . For example, at chr22: 22315089-23258615, which contains several genes like GGTLC2 (gamma-glutamyltransferase light chain 2) and PRAME (preferentially expressed antigen in melanoma), deletions and duplications could hardly be observed in all three admixed populations, but could be observed with certain frequencies in the ancestral populations.
On the other hand, admixture event might cause the difference in allele frequency between ancestral source populations and admixed populations as well as among the admixed populations. We defined population-specific CNVs as regions with significant differences in frequency from reference populations. Here we identified the population-specific CNVs for each of the Xinjiang populations at two levels using different reference populations: (1) ancestral source populations and (2) the other two admixed populations. These populationspecific CNVs were highlighted in Supplementary Table 4 . At the first level with ancestral source populations as reference, the three admixed have three population-specific CNVRs in common. Whereas at the second level with admixed populations as reference, we found that the region on chromosome 1 overlapping with Rh blood system genes (RHCE, RHD, TMEM50A) had a higher deletion frequency in UIG (31.7%) than in KGZ (9.9%), KZK (12.5%), or CHB (7.9%), but a lower frequency than in CEU (43.2%). In addition, we identified the non-singleton CNVs that were observed only in admixed populations but not present in the ancestral source populations. The functional annotation analysis of the genes overlapping with all private CNVs showed enrichment in response to wounding (genes: TPST1, LPA, and NINJ2; Po0.04, Benjamini correction: Po0.1).
DISCUSSION
In this study, we investigated CNVs in three major ethnic minority groups, UIG, KZK, and KGZ, using Affymetrix Genome-Wide Human SNP Array 6.0. On a genome-wide scale, the fitness of the admixture model supported the previous conclusion that the UIG gene pool was probably a recipient of EEA and WEA rather than a donor. 5 The admixture proportions inferred here were the most reliable estimations, as indicated by the fact that the correlation coefficients between observed and expected allele frequency of admixed populations were larger at our inferred admixture proportion than at any other values of the proportion (Supplementary Figure 5) .
One of the practical applications for the admixed populations is admixture mapping. It has been shown the success in other admixed populations like African Americans. Unlike African Americans, the Xinjiang admixed populations have longer admixture time and have ancestral source populations with much shorter divergence time. Admixture mapping still holds in Xinjiang admixed populations as there are a large number of markers (AIMs) available with highdifferentiated frequency between WEA and EEA populations, and the previous study has also demonstrated the effectiveness of the admixture mapping for localization of disease genes in UIG populations. 4 However, the long admixture time in Xinjiang populations has two sides for admixture mapping: on one hand, it is a challenge as weaker LD between markers and the causal variants as a consequence of more recombination events occurred due to longer admixture history; on the other hand, it could help fine mapping of UIG (899) KGZ (858) KZK (814) UIG (264) KGZ (238) KZK ( disease-associated genes, again, because of the shorter LD between AIMs and potential causal variants. CNVs usually affect genome more than hundreds and thousands of base pairs; they are not only the markers but also likely the variants that make the impact directly. The AIMs we identified here are a number of CNVs showing high-differentiated frequency between ancestral source populations, Abbreviations: CNVR, copy number variation region; KGZ, Kirgiz; KZK, Kazakh; UIG, Uyghur. a The coordinates were mapped to reference genome assembly hg19. The CNV is in the following format: chromosome:(outer-start_inner-start)-(inner-end_outer-end)CNV-type.
which have potential utility for admixture mapping. For example, the region of chr17: 44161867-44364214 overlapping with gene KANSL1 has no duplication in EEA, but has a duplication frequency of 0.44 in WEA. This duplication copy, which was found to be associated with novo transcript and is likely to be underlying positive selection, 22 could also be observed in Xinjiang admixed populations at a frequency of B0.13 with a clear background of complete WEAinheritance. In addition, although the deletion of this gene was absent in the normal samples here, it was found to be associated with the 17q21.31 microdeletion syndrome. 23 In summary, we constructed the first CNV map of three admixed populations in Xinjiang and provided a first landscape of population genomics based on CNVs in this region. Our analysis showed that the genomic CNV distribution of the three representative populations, UIG, KZK, and KGZ, each followed an admixture pattern with an ancestral genetic pool from both EEA and WEA. Our study advanced our understanding of CNV distribution and admixture history of populations in Xinjiang and may serve as a useful resource for further medical and evolutionary studies.
